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(i) Second-order coupling Hamiltonians and time-resolved photoemission spectroscopy
The Born-Oppenheimer approximation is ubiquitous in most studies of vibronically coupled systems. Born-Oppenheimer concepts provide valuable insight and turn out to be extremely accurate for
ground-state equilibrium configurations. However, a less systematic situation prevails when excited electronic states play a significant role, which is the case e.g. in spectroscopic applications. For these
cases many approximate schemes have been developed, which mainly build on the Born-Oppenheimer approximation or related extensions. Often it is not clear which effect the used approximations
have since exact benchmark solutions are missing.
In this work, we investigate the coupled electron-ion dynamics in short trans-polyacetylene oligomers, which are described in terms of a Su-Schrieffer-Heeger (SSH) Hamiltonian [1] by using explicit
matrix representations of Fock space operators. In particular, we include non-linear electron-phonon couplings [2], which originate from an expansion to second order in the nuclear displacement
[3]. We perform exact diagonalizations and real-time propagations for the model in Fock space and investigate the effect of the nonlinear couplings on ground-state photoemission and time-resolved
photoemission spectroscopy. The exact solutions that we establish for the Su-Schrieffer-Heeger model allow for a detailed analysis of the full vibronic dynamics in photoemission spectroscopy and can
serve as a benchmark to validate the accuracy of approximate methods.
Su-Schrieffer-Heeger model for polyacetylene oligomers
Trans-polyacetylene:
Su-Schrieffer-Heeger Hamiltonian:
HˆSSH = Hˆelec + Hˆph + Hˆel−ph,1
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Photoemission spectroscopy and spectral function:
Starting from Fermi’s Golden Rule:
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Rewritten in terms of the spectral function:
Jk(ω) =
∑
lm,σ
∆kl,σAlm,σ(k − ω)∆m,σk
Alm,σ(ω) =
∑
j
〈
Ψ
(N−1)
j
∣∣∣ cl,σ
∣∣∣Ψ(N)0
〉〈
Ψ
(N)
0
∣∣∣ c†m,σ
∣∣∣Ψ(N−1)j
〉
δ(ω − j)
Second-order electron-phonon coupling
To include second-order nuclear displacements effects in the electron-phonon coupling, we add
the following term to the Hamiltonian:
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Modification of Born Oppenheimer surfaces and spectra as function of the coupling constant γ:
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and double-harmonic approximation (dha):
Comparison of different levels of accuracy in photoemission spectroscopy:
Time-resolved photoemission spectroscopy
To follow the photoemission spectroscopy dynamics, we propagate an excited state as an initial
state and calculate the PES spectrum at different timesteps:
Conclusions
- Time-resolved photoemission spectroscopy allows to trace ionic Born-Oppenheimer surfaces in
real-time.
- Second-order coupling Hamiltonian induces a gap closing and a softening of the dimerization
in the chain.
(ii) Spontaneous emission in cavity QED
In this work, we study the behaviour of correlated photon-electron wavefunctions. Our model system consists of an atom placed in an optical cavity [4]. Atom and quantized electromagnetic modes
are coupled in the dipole coupling regime. Our model includes one-photon states and two-photon states, which enables us to follow the spontanous emission process, atomic revivals and strong
coupling phenomena.
Exact dynamics in cavity QED for one-photon and two-photon processes
Hamiltonian:
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With quantized electric field:
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Photon energy density:
I(r) = 〈Ψ(t) | Eˆ2(r) |Ψ(t) 〉
Wavefunction expansion:
|Ψ(t)〉 =
∑
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αj,0(t)|φj〉 ⊗ |0〉 (zero-photon state)
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Projected density matrices:
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′
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Mapping of photon number states to first quantized two-
photon wavefunctions in momentum coordinates:
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α1|1, 1, 0, 0, 0, ..., 0〉
α2|1, 0, 1, 0, 0, ..., 0〉
α3|1, 0, 0, 1, 0, ..., 0〉
αi|0, 1, 1, 0, 0, ..., 0〉
αj|0, 1, 0, 1, 0, ..., 0〉
αk|0, 1, 0, 0, 1, ..., 0〉
αp|2, 0, 0, 0, 0, ..., 0〉
αq|0, 2, 0, 0, 0, ..., 0〉
αr|0, 0, 2, 0, 0, ..., 0〉
Ψ(k1,k2)
One-photon basis
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Two-photon basis
Conclusions
- The model allows to follow the spontaneous emission event in real-time.
- Even for a three-level system the time-evolution of the diagonal of the two-photon density
matrix reveals the correlated emission of two photons.
